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ABSTRACT
The objective of this contract is to study and analyze battery materials and
manufacturing methods with the aim of developing uniform and predictable battery
plates for nickel cadmium aerospace cells. Previously we examined chemical
conversion and Fleischer methods for the precipitation of active material.
This report is primarily concerned with a study of the high temperature
electrochemical impregnation process for the preparation of nickel cadmium battery
plates. This examination of this newly introduced process is considered to be a
necessary precursor to a planned comparative study of the available manufacturing
methods. This planned comparative study is set up as a factorially designed experi-
ment to examine, both manufacturing and operational variables and any interaction that
might exist between them. The manufacturing variables in the factorial design in-
clude plaque preparative method, plaque porosity and thickness, impregnation
method, and loading. The operational variables are type of duty cycle, charge and
discharge rate, extent of overcharge and depth of discharge.
The study of the high temperature electrochemical impregnation process
was intended to parallel our previous examination of the chemical conversion and
Fleischer methods for the precipitation of the active materials. The objective was,
as before, to define the critical variables of the process and to optimize the con-
ditions of impregnation in terms of uniformity and reproducibility at the highest
possible specific capacity.
The most important finding of this present study of electrochemical im-
pregnation was that the specific capacity attainable by this process was critically
dependent on the physical characteristics of the porous nickel substrate. Plaques
prepared by a dry sintering technique had better characteristics for the high tem-
perature electrochemical impregnation process than those prepared by slurry
11
coating. The maximum stable capacity measured during cycling tests was 7.7 Ahr/
3 3in. for a positive plate and 7.4 Ahr/in. for a negative. Capacities in excess of3
10 Ahr/in. were observed during the formation cycles of some of these plates.
Complete experimental procedures are given for the preparation of plates.
The most important physical characteristic for a plaque to produce a plate
of high specific capacity appears to be a high porosity uniformly distributed through
the plaque. In other words, the high porosity must not be due to the presence of
large void spaces in the plaque. Dry sintered plaque appears to meet this criterion
more readily than plaque prepared by slurry coating. In a brief examination, it
was found that the nature of the plaque was not as critically important for the con-
ventional methods of impregnation. It was also demonstrated that plaque corrosion
was as little as 3% during the high temperature electrochemical impregnation pro-
cess. This compares to ~ 8% in both the conventional impregnation methods.
Studies of the coating process associated with the fabrication of nickel
plaques by the slurry method were continued with the aim of achieving improved
reproducibility. The design of the new slurry coating box is discussed.
in
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I. INTRODUCTION
Emphasis in this program to date has been to establish an understanding of
the factors that are of importance in the preparation of uniform and reproducible
plates for the nickel cadmium cell. The intent of this phase is to establish the
dependence of the performance characteristics of a plate on its method of prepara-
tion and the precise conditions that existed during its preparation. Since it is con-
sidered that many of the variables are not independent, the program takes the form
of a factorial study aimed at defining the interrelations that occur. The program
essentially consists of two interlocking tasks; one to study the manufacturing
variables and the other to define the interaction (if any) between manufacturing and
operating variables. More precisely the factorial study of the manufacturing
variables will be used to define six basic methods of plate preparation. Plates pre-
pared by these methods will then be examined in a range of duty cycles varying in
rate, depth of discharge, and cycle frequency.
The basic methods of impregnation to be considered for both positive and
negative plates are chemical conversion, the Fleischer process and high tempera-
ture electrochemical conversion. The other factors to be considered are method
of plaque preparation, plaque characteristics (porosity and thickness), and loading.
At the time this program commenced, modifications to the electrochemical
1 2conversion process first described by McHenry were published by Beauchamp.
The principal modification was impregnation with the nickel or cadmium nitrate
solution at its. boiling point instead of at 25 ° C. This change dictates other changes
in the overall process in terms of pH and current density, etc. It was claimed that
the modified method produced higher specific capacity and a better distribution of
the active material in the plaque.
Since this method was an obvious candidate for our study, time and effort was
given to establishing the process as a routine practice in the laboratory. This
report, therefore, discusses the principle of the high temperature electrochemical
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impregnation of nickel cadmium battery plates, the experimental procedures in-
volved, and the results obtained with the method.
Studies to refine and improve the procedures for slurry coating to produce
nickel plaque were also carried out. They are reported on briefly.
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II. HIGH TEMPERATURE ELECTROCHEMICAL IMPREGNATION
A. Background
Electrochemical precipitation of nickel or cadmium hydroxide from solutions
of the nitrates is dependent on the cathodic reduction of the nitrate ion to produce a
high pH in the immediate environment of the electrode. More particularly, this in-
crease in pH will occur in the pore structure of NO, to NO according to:
o
NO3~ + 2 H2O + 3 e - NO + 4 OH~.
When the cathodization is carried out with a porous nickel electrode, most of
the precipitation will occur in the pore structure. However, good distribution of the
active materials in the pore structure is going to be strongly dependent on the rate of
generation of hydroxyl ions (i.e., the current density) and the steady state conditions
of the diffusion processes associated with the precipitation reaction. The diffusion
processes involved are nickel or cadmium ions diffusing into the pore structure, H
ions diffusing into the pore structure, and OH~ions diffusing into the bulk of the sol-
ution from the pores of the electrode. The relative rates of diffusion are obviously
important, and since OH and H ions have diffusion coefficients that are consider-
ably larger than those of cadmium and nickel there is need for careful regulation of
the pH of the bulk of the solution. For a high rate of OH ion production, the ions
may diffuse out of the pore structure, precipitating nickel or cadmium hydroxide in
the bulk of the solution or on the surface of the plaque. The pH should be maintained
at a level where hydroxyl ions diffusing to the surface produce water rather than
precipitate the metal hydroxide. However, the hydrogen ion concentration in the bulk
should not be high enough for the hydrogen ions to compete with the metal ions in
terms of the rate of diffusion into the pore structure of the plaque. In summary, a
delicate balance of metal ion concentration, pH and current density is required to
precipitate the hydroxide uniformly throughout the plaque. To some extent, the pro-
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cess is self regulating in that generation of OH ions probably occurs primarily on
the bare nickel surface, i.e., once the metal hydroxide is precipitated on the surface
the reaction progresses faster at another site.
Control of current density and metal ion concentration is relatively straight-
forward, but maintaining pH at a constant level is much more difficult. The anodic
process (which would be Og evolution in the absence of any other oxidizable species)
is generating H ions in solution at the rate of one per electron passing through the
cell. At the same time, the hydroxyl ions produced at the cathode are to a large
extent precipitated as the metal hydroxide. Since the pH range of interest is close
to pH 4, very rapid changes in the acid direction would be anticipated in the normal
volumes of solution used, unless specific precautions are taken to control pH. In
practice, the pH can be stabilized by adding sodium nitrite to the solution; this pre-
vents undue accumulation of H ions by the following reaction:
3 NaNO0 + 2 H+ + 2 NO ~ - 3 NaNOQ + 2 NO + H0O
^ 0 \ O Ct
This probably cannot be regarded as a true buffering reaction since there is no re-
verse reaction, but it effectively prevents a rapid fall in pH. In the presence of sodi-
um nitrite, the anodic process becomes oxidation of nitrite to nitrate rather than
oxygen evolution. This reaction still generates H ions at the same rate according
to:
N02-+H20-N03- + 2H+ + 2e
Also, it is probable that nitrite contributes to the cathodic reaction, according to:
NO ~ + H 2 O + e - * N O + 2 OH~
The relative contributions-of nitrate and nitrite in the precipitation of the metal hy-
droxide are going to depend on the bulk concentrations and the location of the reaction
in the pore structure of the nickel plaque.
Fron the above, it is apparent that the role of NO,, is also complex, but probably the
concentration level is not critical as long as it exceeds a minimum value necessary
to stabilize the pH according to the above equation.
In normal operation, the impregnation bath will become depleted in NO2 and
Ni+"lorCd++ and build up in NOg~ If additions of NaNOg and Ni(NOg) 2 or Cd(NO3) 2
are made to maintain the initial levels, then the bath will become progressively more
concentrated in NaNOg. These factors are of lesser importance in a laboratory
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study when fresh solutions can be used consistently but pose problems for large-
scale long-term operations.
In comparison with the conventional methods of impregnation, the electro-
chemical process is more complex in terms of operation. However, the number of
variables involved should give, under optimum conditions, better control of the dis-
tribution and morphology of the active materials. Also from a practical point of view,
plates are produced in relatively short time (~ 1 hr) in a one-step process. The
prime advantage of operation at high temperatures (the boiling point of the solution)
appears to be the opportunity for good pH control and consequently higher specific
capacities than have been reported at lower temperatures. The process appears to
be equally suitable for the manufacture of positive and negative plates.
B. Experimental Methods
1. Introduction
The previous section of this report emphasized the degree of control
required for reproducible operation of the high temperature electrochemical impreg-
nation process. As an introduction to this section, we will list the variables that were
examined in the program and the other factors that were carefully controlled but not
altered in the experimental work. The variables were the concentrations of nickel or
cadmium nitrate, and sodium nitrite, pH, current density and the nature of the plaque
material. The factors that were maintained invariant were temperature, counter-
electrodes, electrode spacing, quantity of solution electrode pretreatment and cell
configuration.
2. Solution preparation
The solutions were prepared by dissolving the requisite quantities of
the hydrated salts of the metal nitrate and sodium nitrite in about half the required
amount of water. This solution was then diluted to give the desired concentrations.
These procedures were carried out on the day prior to that on which it was intended
to use the solution. Immediately after dilution, the pH of the solution was measured
using a pH meter sensitive to better than 0.01 pH. The solutions were typically just
below pH 3 (the actual value depends on the free acid content of the nickel or cadmium
nitrate salt). The pH was then adjusted to 4.0 by the addition of dilute sodium hydroxide
accompanied by vigorous stirring. (A local sharp increase in pH can precipitate
nickel or cadmium hudroxide which does not redissolve.) The solution was then
allowed to stand for a period of time not less than overnight. Immediately prior to
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use, the solution was readjusted to pH 4.0± 0.01. The solution was then brought to its
boiling point rapidly using an immersion heater and the impregnation process started
as soon as possible.
3. Electrode pretreatment and mounting
The impregnation studies described in this report were carried out
with 2- x 2-in. plaques approximately 0.030 in. thick. Tabs took the form of two
l/4-in.-wide 0.004-in.-thick nickel strips spot welded on either side of one edge of
the plaque where the porous nickel had been removed to expose the support screen.
A further length of the same nickel strip up to 6 in. long was then spot welded to the
center point of the previous nickel strips and perpendicular to them. This arrange-
ment of the tab was intended to ensure as uniform a current density as possible during
the impregnation. The plaques were cleaned within a period of 24 hr prior to impreg-
nation by heating in H» at 400°C for 15 min. Between cleaning and impregnation, the
plaques were stored in plastic containers.
The plaque was mounted vertically in a Teflon jig centrally located between
two platinum gauze counterelectrodes. The platinum gauze was completely edged with
platinum foil 0,5 cm wide to ensure good current distribution in the counterelectrode.
As much as possible of the side walls, end walls, and bottom of the box-like jig was
removed to permit free circulation of the electrolyte.
4. The impregnation process
The impregnation was carried out in a reaction kettle plus lid but open
to the atmosphere. This reduced evaporative losses. The jig containing the electrodes,
previously connected to the power supply but with the current set to the minimum
position of the power supply, was lowered into the electrolyte. The plaque was thus
at a cathodic potential at all times. As soon as the temperature reached its previous
value of about 105°C,the power supply was adjusted to provide the required current
generally 0.5 A/in.2 during this study. The potential across the cell was monitored
continuously. Changes in cell potential give an indication whether sufficient nitrite
remains in solution. If the nitrite were depleted, then the anodic process would be-
come oxygen evolution in place of nitrite oxidation with a consequent increase in cell
voltage (~ 300m V). The electrolyte was vigorously stirred throughout the impreg-
nation.
At the end of the impregnation time, the jig was removed from the electrolyte
and immersed immediately in distilled water. The plate was subsequently washed
more thoroughly in a flowthrough system and brushed lightly before drying and weighing.
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The final step of the impregnation process was to measure the pH of the solu-
tion after cooling to room temperature. Generally, it was observed that after impreg-
nation of positive plates the pH had shifted slightly towards higher values when com-
pared with the initial solution pH, while a lower pH was measured after impregnation
of negative plates. This could be explained by a catalytic effect of Ni ions on the
buffering reaction of nitrite.
5. Plate characterization and testing
The plates were first characterized in terms of weight gain and, by
cutting into three strips parallel to the tab, uniformity of weight gain. One of the
pieces was then selected for capacity measurements (the middle section unless it
was obviously atypical). A new tab was attached, again the porous mass was re-
moved to permit good contact to the screen and the assembly weighted. The plate was
then subject to six formation cycles, charging and discharging at the C/2 rate with
100% overcharge, in 20% KOH. Two massive counterelectrodes, positive or negative
plates removed from aerospace cells, were symmetrically disposed about the plate
on test, separated by several layers of nonwoven nylon. The capacity for each cycle
was recorded.
After formation, the plate was removed, washed and brushed. At this time,
due to the volume changes during cycling, any surface deposits were loosened and
easily removed by brushing. This is in contrast to the situation immediately after
impregnation when the surface deposits cannot be readily removed. The plates were
returned for cycle testing in the same configuration as the formation cycling with
25% KOH as electrolyte. The plates were cycled at a charge and discharge rate of
C/2 with 100% overcharge. The number of cycles on test varied from six to about
twenty depending on the characteristics and degree of interest in the plate. The
criterion for a stable capacity was three consecutive cycles of constant capacity.
After cycling, the plate was again washed, dried and weighed in order to recalculate
a theoretical capacity. The revised theoretical capacity was used to calculate the
utilization of the active material.
6. Plaque characterization
In some of the work to be presented in the next section, there is a dis-
cussion of the correlation of plate cycling characteristics with plaque characteristics.
In particular, correlations are made with the mechanical strength, resistivity and
porosity of the plaques. Reference is also made to conventional and scanning electron
micrographs. The experimental techniques associated with the measurement of
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mechanical strength by a four-point bend test, resistivity from a four-electrode
conductance measurement, and porosity from mercury porosimetry have been dis-
3
cussed in previous reports. The electron photomicrographs of plaque section
were obtained by standard techniques; the scanning electron micrographs were taken
at NASA-Goddard.
The samples for these measurements were obtained when the 2- x 2-in.
plaque was cut from the as-sintered size of 6 x 4 in. This permitted the tests to be
carried out on pieces of plaque that were adjacent to the piece impregnated without
being close to an edge with the consequent risk that they would not be representative.
C. Results and Discussion
As will be demonstrated later in this section, effective impregnation of porous
nickel plaque with nickel or cadmium hydroxide by the high temperature electro-
chemical process is very dependent on the physical characteristics of that plaque.
Plaque prepared by dry sintering gives, under identical impregnation conditions, a
higher specific capacity than plaque prepared by slurry coating. It should be men-
tioned here that, while electrodes with high specific capacities are very desirable,
we do not want to overemphasize a top capacity. Such plates may not necessarily
show the best overall performance in .comparative tests over extended times.
Our initial parametric studies were carried out using slurry coated plaque,
the measured capacities were low and relatively insensitive to process conditions.
For this reason, the work will not be reported in detail, but typical examples will be
quoted to provide a basis for comparison with later results. Typical of these results
(see Table I) are plates EM 95 and 100 (negatives) and EM 98 and 101 (positives).
The theoretical capacities of the .negative plates based on weight gain were between
36 and 7 Ahr/in. with approximately 3-mil increase in thickness due to the buildup of
Cd(OH)2 on the surface. The impregnation times were relatively short at 20 min.
Earlier results with these plaques showed much larger increases in thickness if the
impregnation times were extended beyond 20 min. The surface deposits, though dif-
ficult to remove immediately after the impregnation step, are easily brushed off after
a few formation cycles obviously loosened by the volume changes upon cycling. The
loss in measured capacity due to crushing is small, indicating that this surface ma-
terial does not cycle efficiently. Typical measured capacities were of the order of
o
5 Ahr/in. , representing a utilization of close to 80%. Appearance varied from white
to dark grey, with the edges and central regions often of a different color.
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Table I. Results and Conditions of the High Temperature Electrochemical
Impregnation Process
Solution
EM
94
95
100
103
104a
104b
106
108
111
112
96
97
98
99
101
102
105
107
109
110
113
116
119
120
121
122
123
124
Concentration,
M/4
Charge Ni Cd NO2
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
-
-
-
-
-
-
-
-
-
>-
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
-
-
- •
-
-
-
-
-
-
-
-
-
-
-
-
-
-
_
0.3
0.3
0.6
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.2
Current
Density,
A/in.2
0.5
0.5
0.5
0.5
0.3
0.3
0.5
0.5
0.3
0.3
0.5
0.5
0.5
0.5
0.5
0.5
0.3
0.5
0.5
0.3
0.3
0.3
0.3
0.5
0.3
0.3
0.3
0.3
Stable
Theoretical Cycle
Time, Capacity. Cap.
min Ahr./in.3 Ahr/in.
20
20
20
20
20
20
20
30
40
40
75
75
75
75
75
75
75
75
90
150
150
150
150
90
150
150
150
150
6.0
6.9
6.1
7.0
-
9.04
9.1
8.0
8.2
9.0
3.7
5.1
4.6
4.8
4.1
3.0
7.5
3.0
6.0
6.7
6.3
7.3
7.0
6.8
6.3
5.4
5.6
6.1
-
5.5
-
-
-
6.0
6.1
6.2
3.8
7.4
-
4.7
4.0
4.1
-
-
6.0
3.1
-
-
4.4
4.4
4.5
3.7
3.9
4.3
-
-
Type
3 ofPlaque
S(A)
D
S(A)
S(A)
D(BTL)
Reused
104a
D(B)
D(C)
D(C)
D(Tyco)
S(A)
S(A)
Reused
97
D
S(A)
S(A)
D(BTL)
D(B)
D(C)
D(C)
D(Tyco)
S(A)
S(A)
S(A)
S(A)
D(C)
D(C)
D(C)
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EM
125
126
127
128
129
130
131
132
133
134
135
136
137
138
140
141
142
143
144
145
146
147
148
149
150
151
152
Solution
Concentration,
M/f-
Charge Ni Cd NO2
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
2
2
2
2
2
2 -
2
2
2
2
2
2
2
2
2 -
2 -
o _
2
2
2
2
2
2
2
2
2
2
0.3
0,2
0.2
0.1
0.1
0.3
0.3
0.2
0.1
0.3
0.3
0,3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
Current
Density,
A/in.2
0.3
0.3
0.3*
0.3
0.5
0.3
0.3
0.3
0.3
0.7
0.5
0.5
0.5
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
Stable
Theoretical Cycle Type
Time, Capacity, Cap. of
min Ahr/in.3 Ahr/in.3 Plaque
150
150
150
160
120
150
150
150
150
150
205
-
200
~150\
150
150
150
150
150
150
150
150
150
150
150
150
150
5.7
6.6
5.2
4.6
5.5
5.1
6.2
5.9
6.2
7.0
7.1
6.1
7.3
8.3
7.6
6.7
6.4
6.7 .
6.8
6.9
7.2
8.2
8.0
7.6
7.5
7.7
6.4
-
-
-
-
-
-
-
-
-
6.5
7.15
.
-
5.7
7.7
6.2
6.6
6.4
6.4
6.3
6.4
7.4
6.2
7.1
7.1
6.7
6.1
D(C)
D(C)
D(C)
D(C)
D(C)
D(C)
D(C)
D(C)
D(C)
D(C)
D(C)
-
D(C)
D(Tyco)
D(Tyco)
S(Tyco)
S(Tyco)
S(Tyco)
S(E1)
S(E2)
D
D(Tyco)
S(E)
D(Tyco)
D(Tyco)
D
S(Tyco)
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oFor the positive plates with an impregnation time of 75 min (0.5 A/in. ) in-
crease in thickness due to surface deposits was smaller at ~0.001 in. The measured
capacity after brushing was 4.1 Ahr/in.3 (EM 99) but this represented a 16% loss in
capacity compared to the last formation cycle. Utilization was 102%(based on the
weight after brushing and the one-electron reaction Ni( OH) „• 1/2 H0O -> NiOOH).
£* tt
In all probability, loosely adherent material was dislodged from within the pore
structure .as well as from the surface during brushing. The general trend of the re-
sults for the impregnation of this particular plaque prepared by slurry coating was a
low specific capacity that did not show a significant increase with longer impregnation
times. The appearance of the electrodes varied considerably and was often nonuniform
ranging from a bright green to a velvet black. For these slurry coated plaques, the
hole pattern of the perforated sheet was also apparent as a difference in color, the
concave regions where the plaque had shrunk into the perforations being darker. Often
the opposite sides of the plaque showed different colors and patterns despite the sym-
metric placement of counterelectrodes.
The first indication of the importance of plaque properties in controlling the
weight pickup during impregnation was obtained with EM 104. This was a dry sintered
plaque provided by Bell Telephone Laboratories. It produced a negative plate with a
3weight gain corresponding to a theoretical capacity of 9.0 Ahr/in. Though the im-
pregnation time was 40 min, no significant increase in thickness was discernible.3
The maximum measured capacity during formation was 8.1 Ahr/in. but this subse-
3
quently fell to 6.7 Ahr/in. It is suspected that this plate was exposed to excessive
over-charge with consequent loss of active material on gassing. This plate had a
uniform appearance and showed little difference between the opposite sides of the
plate.
An even more dramatic increase was obtained with the positive plate prepared
with Bell Telephone Laboratories (BTL) dry dintered plaque. For a 75-min impreg-
\ ' 2 r
nation at 0.3 A/in. (EM 105), a weight gain corresponding to a theoretical capa-
3city of 7.5 Ahr/in. was obtained. There was no increase in thickness. The maxi-
o
mum measured capacity during formation was 7.4 Ahr/in. During routine testing3
in a further ten cycles, the typical measured capacity was 7.1 Ahr/in. but at the
end of this period the plate exhibited blisters. When these were removed by brushing,3
the capacity fell to 6.2 Ahr/in.
This trend in increased specific capacity for dry sintered plaques was reinforced
by studies on dry sintered plaques from other sources. (Plate EM 106 to 113jand 118)
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With the exception of EM 107 (Commercial source B), the dry sintered plaques
showed the same trend in weight gain and behavior. Some minor variations in prepa-
ration conditions were introduced simultaneously with a view to optimizing the pro-
cess, but these probably do not influence the general conclusion. As is displayed in
the table of Appendix 1, the theoretical capacities of the positive plates were all in
3 3excess of 6 Ahr/in. and for the negatives between 8 and 9 Ahr/in. For the posi-
tives, capacities close to the theoretical value were obtained during dormation but3
were usually lower in subsequent testing (typically 4.7 Ahr/in. ). An unusual feature
of the test cycles was that removing the plate from the cell, washing it and returning
it to the cell restored the high capacity of the formation cycles. The capacity in-
evitably decayed in subsequent cycles. No significant change in thickness, either on
impregnation or cycling, was observed though some plates showed a tendency to
warp.
The measured capacities of the negative plates prepared from dry sintered
plaque EM 106, 108, 111 and 112, also showed, with one exception, an improvement
on previous results with the slurry coated plaque. The values obtained were 6.1,
3
6.2, 3.8 and 7.4 Ahr/in. The plates reverted to thickness values close to the orig-
inal plaque value on brushing after formation.
In view of the apparent importance of plaque characteristics, an effort was made
to modify the characteristics of the slurry coated plaques that were readily available.
To this end, plates EM 116 and EM 119 to 121 were prepared from slurry coated
plaques (Commercial source A) that had been etched in 30% by volume sulphuric
acid for 5 min. The study was confined to positive plates since their weight pickup
seemed to be most affected by plaque structure. The theoretical capacities for plates
3
EM 116, 119 and 120 were 7.3, 7.0 and 6.8 Ahr/in. , respectively, a significant im-
provement on all previous preparations. As with the dry sintered plaque, capacities3
measured during formation were correspondingly high (i.e., > 6.5 Ahr/in. ) but fell3
rapidly in subsequent testing to values close to 4.5 Ahr/in. This figure is margin-3
ally better than the typical figures of 4.0 Ahr/in. for the unpretreated plaque.
Of particular interest is the result obtained with EM 121. This plaque was
heated in H0 at 900°C for 10 min after treatment with sulphuric acid. The theoretical
3capacity was 6.2 Ahr/in. , i.e., lower than the other examples; on formation, a3
capacity of 6.4 Ahr/in. The significance of this result is considered to be that the
importance of the etching step is not just to increase the porosity (EM 121 had a
porosity almost identical to the other plaques) but to increase the surface roughness
- 12 -
of the nickel substrate. This increase in roughness should have been reversed during
treatment. It is difficult to see why surface area should be different for slurry coated
and dry sintered plaques sintered under identical conditions, but it does appear to be
significant.
With this obvious influence of plaque preparative method on specific capacity,
it was decided that it was important to identify which physical characteristics of the
plaque were critical. A series of plaques, both dry sintered and slurry coated, was
obtained from a variety of sources. The intention was to characterize the plaques in
terms of porosity, resistivity and mechanical strength, and by electron microscopy
and to compare these characteristics with measured capacities of plates prepared
from the plaques under identicial impregnation conditions.
Prior to making the tests outlined above, brief parametric studies of the im-
pregnation process were carried out with dry sintered plaque. (Previous parametric
studies with slurry coated plaque were not considered sensitive enough, because of
the inferior plaque characteristics, to define optimum impregnation conditions.) The
parameters studied with commercial dry sintered plaque (source C) were pH and
nitrite concentration. A summary of the results is presented in Table II. The experi-
ments carried out were not sufficient to draw clear cut conclusions, but the indications
are that consistently high loadings can be achieved at pH 4.0 with 0.3M NaNO0. For
3
example, plates EM 134 and 135 resulted in theoretical capacities of 7.0 Ahr/in. ,3
and-EM 131 prepared under the same conditions had a capacity of 6.18 Ahr/in. The
process seems relatively insensitive to nitrite concentration in the range examined
but is quite sensitive to pH. To indicate the magnitude of this effect, the capacities
3 3
obtained were 5.38 Ahr/in. at pH 3.5 and 5.05 Ahr/in. at pH 4.5 compared to the3
maximum value of 7.0 Ahr/in. at pH 4.0. The impregnation conditions chosen for the
study of plaque materials were therefore 0.3M NaNO0 and pH 4.0. The other impreg-
2
nation conditions were 2M Ni(NOo) 2 > a current density of 0.5 A/in. , and a 45-min
impregnation time.
Seventeen plates were prepared, eight from slurry coated plaques and nine from
dry sintered plaques. The slurry coated plaques were obtained from three sources
(two types from one source) and the dry sintered material from three sources. For
the materials prepared at Tyco, three different sintering times were used to give
further variety in plaque properties. A summary of the information gathered is
presented in Table III. The first column lists the plaque code number and the second
the theoretical capacity based on the weight gain. [ This assumes that the active
- 13 -
Table II. Influence of pH and Nitrite Concentration
on Positive Plate Impregnation
EM
122
123
129
133
124
132
131
134
135
125
127
126
130
128
PH
3.5
3.8
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.2
4.5
4.5
4.5
4.75
2
Concentration,
M
0.3
0.3
0.1
0.1
0,2
0.2
0.3
0.3
0.3
0.3
0.2
0.2
0.3
0.1
Theoretical
Capacity,
Ahr/in.3
4.38
5.58
5.50
6.21
6.05
5.90
6.18
7.00
7.06
5.70
5.24
6.60
5.05
4.60
- 14 -
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material contains water to an extent represented by Ni(OH) „• 1/2 H00] The test
It Lt
cycling data for these plates are presented in the next four columns. The first of
3these is the capacity in Ahr/in. obtained in the first formation cycle. In many cases,
this is the highest capacity measured with these plates. The second column is the
capacity in the last formation cycle (the standard procedure was to use six forma-
tion cycles). Comparison of the first and last formation cycles gives an indication
of how the physical chapges (e,g., lattice expansion) associated with charge and dis-
charge affecj: the utilization of the active material. In most cases, the capacity falls
as active material looses contact with the substrate; in some instances, the capacity
increases, probably due to a change in morphology of the active material. After
formation, the plates were removed, washed and dried, and then brushed to remove
the now loosely adherent surface layers of active material. The fifth column repre-
sents the stable capacity obtained in subsequent cycling. The stable capacity is also
3listed in terms of Ahr/in. of vojd volume in the plaque. This figure gives a com-
parison from plate to plate that is not influenced by the nature of the plaque substrate;
i.e., the difference between screen and perforated nickel strip as the substrate for
the porous nickel mass. A comparison of effective porosity (column 9) and porosity
pf the porous nickel mass corrected for the presence of the substrate (column 10)
shows that there is a much greater spread in effective porosity (72 to 79%) than there
Js in the porosity of the porous mass above (81 to 82).
On the completion of the test cycling, the plates were washed and dried, and
weighed again. From this final weight, a revised theoretical capacity was determined;
this is displayed in column 7. The utilization of active material based on this revised
theoretical capacity and the stable test value is presented in column 8. The nature of
the plaque material is given in column 11.
In Table IV, the results are set out in ascending order of weight gain during
impregnation. This is expressed in terms of the theoretical capacity in column 2.
It is immediately apparent that the dry sintered plaques are significantly better in
terms of weight gain. The one slurry coated plaque EM 148 that appears in the final
grouping was subject to a novel cleaning procedure suggested while this work was in
progress by Bell Telephone Laboratores.* A significant improvement was obtained
*The usual cleaning procedure for all plaques was 10-min exposure to H, at 400°C.
The novel procedure consisted of immersion in 5% Hg02 at 80° C for 30 rain. Peroxide
additions were made throughout the 30 min to maintain effervescence at the plate.
- 16 -
o
Table IV. Comparison of Capacity (Ahr / in . ) with Resistivity,
Mechanical Strength and Porosity of the Plaque
EM
138
152
148
141
145
144
146
143
134
142
153
151
149
147
150
140
Capacity,
Ahr/in. 3
5.7
6.1
6.2
6.2
6.3
6.4
6.4
6.4
6.5
6.6
6.6
6.7
7.1
7.4
7.5
7.7
Resistivity,
fl cm
0.0049
0.0048
0.0023
0.0065
0.0022
0.0023
0.0081
0.0041
0.0043
0.0048
0.0022
0.0084
0.0101
0.0091
0.0101
0.0050
Mechanical
Strength,
kg/cm2
72.8
138.1
143.1
79.1
94.3
143.1
50.5
131.8
107.1
103.4
131.8
62.0
75.9
62.1
75.9
62.8
Porosity,
' %
76.6
72.9
76.0
75.3
79.0
75.3
76.4
74.1
77.1
72.6
76.2
76.6
76.4
79.3
76.6
76.7
Plaque
Type
D
S
S
S
S
S
D
S
D
S
S
D
D
D
D
D
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compared to an identical preparation EM 144 without the new cleaning step. [ A sim-
ilar comparison of the two cleaning procedures for dry sintered plaque EM 149 (novel)
and EM 150 (conventional) showed no significant difference. It must be noted that
the weight gain for EM 150 was already quite high.] The slurry coated plaques other-
wise occupied all the low positions in the table of theoretical capacities.
Weight gain alone is not a sufficient criterion to evaluate this process. The
way in which the active material is distributed in the plaque is probably of greater
importance. More particularly, there should not be an excessive buildup on the sur-
face of the plate. As indicated above, the change in capacity as a function of the
number of formation cycles may be used as a guide to the effectiveness of the distri-3
bution. One plate, EM 147, showed a huge capacity of 11.7 Ahr/in. in its first for-3
mation cycle but this fell to 7.6 Ahr/in. within the six formation cycles. Among the
dry sintered plates, five lost capacity on formation but four gained. Those that gain-
ed in capacity were the ones with significant surface buildup of active material; this
was lost on brushing prior to testing, so that the test cycle capacities were lower.
Those that lost capacity during formation did not suffer further losses between for-
mation and test cycling.
The slurry coated plaques with one exception lost capacity during formation
(EM 144 was unchanged), though the losses tended to be smaller than those
observed with the dry sinters. Stable test cycle values were comparable with the
final formation cycle capacity.
Table V presents the plates in order of ascending stable test cycle capacities
together with the utilization of the active material and a listing of plaque type. Though
there are changes in the order compared to Table IV, the pattern remains the same
with the dry sintered plaques giving the plates with the highest specific capacity. The
most dramatic change is EM 138 which showed the highest weight gain but lowest
stable cycle capacity. This plate was prepared at Tyco by dry sintering with a short .
sintering time. This was obviously beneficial from the point of view of pickup of
active material but the plaque probably did not have the structural integrity to main-
tain capacity on cycling. The maximum capacity measured for a plate from dry sin-g
tered plaque was 7.7 Ahr/in. This is not considered to be the ultimate specific
capacity possible since no concerted effort was made to optimize all the factors in- 3
volved. For plates from slurry coated plaque, the maximum capacity was 6.6 Ahr/in.
o
The average values of the capacity for the two types of plates were 7.0 Ahr/in. for3
the dry sintered materials (excluding EM 138) and 6.3 Ahr/in. for the slurry coated.
- 18 -
oTable V. Comparison of Capacity (Ahr/in. void volume) with
Resistivity, Mechanical Strength and Porosity of the Plaque
EM
138
148
145
152
141
134
144
146
143
153
151
142
147
149
150
140
' Capacity,
Ahr/in.3
(Void Volume)
7.5
7.8
8.0
8.2
8.3
8.4
8.4
8.4
8.7
8.7
8.7
9.0
9.3
9.3
9.7
10.0
Resistivity,
O cm
0.0049
0.0023
0.0022
0.0041
0.0065
0.0043
0.0023
0.0081
0.0041
0.0022
0.0084
0.0048
0.0091
0.0101
0.0101
0.0050
Mechanical
Strength.
kg/cm2'
72.8
143.1
94.3
138.1
79.1
107.1
143.1
50.5
131.8
131.8
62.0
103.4
62.1
75.9
75.9
62.8
Porosity,
%
76.6
76.0
79.0
72.9
75.3
77.1
75.3
76.4
74.1
76.2
76.6
72.6
79.3
76.4
76.6
76.7
Plaque
Type
D
S
S
, s
S
D
S
D
S
S
D
S
D
D
D
D
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From a practical point of view, the plates from dry sintered plaque are definitely
superior to those produced from slurry coated plaque. It is interesting to see if this
difference can be more closely related to physical characteristics as this could lead
to the possibility of custom made plaques for this particular impregnation process.
Initially, we examined the influence of plaque porosity since, as we noted
above, porosity ranges from 72 to 79%. A first examination of the porosity values
listed in Table V shows no obvious trend in capacity with porosity. If the capacity of
3the plaques is expressed in terms of Ahr/in. of void volume, in effect eliminating
the influence of porosity on the impregnation process, there is little difference in
the overall picture of plate capacities. There are some minor changes in position
compared to those set out in Table IV but the major trends are the same. The prin-
cipal differences are observed with EM 145 which had a very high porosity and EM 142
and 152 which were of low porosity. EM 142 is "promoted" to the same specific
capacity of the dry sintered materials. These low porosity plaques exhibited the low-
est weight gain on impregnation but in terms of specific capacity EM 142 is compar-
able to the dry sintered materials. EM 152, however, remained with quite a low
capacity.
The principal difference between EM 142 and 152 is in mechanical strength.
This is of particular interest since in earlier work in this program** we have shown
a close inverse correlation between mechanical strength and surface area. Thus the
higher mechanical strength of EM 152 indicates a lower surface area than EM 142.
A high surface area, therefore, appears beneficial. When the rest of the data are
examined, this is seen to be a general trend in that all the dry sintered materials
have low mechanical strength, Ue., are of higher surface area than the slurry coated
materials. It is these dry sintered materials that show the highest specific capacity.
It would appear, therefore, that two factors are important in obtaining high real3
specific capacity values (Ahr/in. ). High porosity is advantageous. However, for
effective operation of the high temperature electrochemical impregnation process
when the aim is a high specific capacity, the plaque should also be of high surface
4
area. These conclusions are in accord with data previously reported by Beauchamp.
Resistivity of the plaques is apparently of lesser importance and though we
have previously shown linear correlations between resistivity, mechanical strength
and surface area, the resistivity measurements for the correlation were made on
plaque without a conductive screen. In the presence of a conductive screen, the re-
sistivity measurements are a lot less sensitive.
- 20-
Pore size distributions were measured for each plaque using a mercury poro-
simeter. All the plaques showed a mean pore diameter of 15 ± 1 n. The fine struc-
ture of the penetration curves at pressures lower than 10 psi were not sufficiently
reproducible to be meaningful. It had been hoped that the low pressure region of the
curve would indicate some differences in surface pore size disbribution. (The sig-
' 3
nificance of this region of the curve has been discussed in previous reports.)
Scanning electron micrographs were taken of each of the plaque structures.
Typical examples of dry sintered and slurry coated plaques are given in Fig. 1. The
dry sintered plaque is seen to have several large pores in addition to the background
pore structure of more uniform appearance. The photomicrographs of sections of the
two types of plaque in Fig. 2 also show this difference in surface structure. Further-
more, the slurry coated plaque appears to have a larger number of large voids, con-
sistent with a lower surface area per unit of pore volume. This could also be inter-
preted as a lower effective porosity. This characteristic, if it is a true function of
the method of preparation, could well explain the lesser capability of the slurry
coated plaque to attain a high specific capacity. It is also possible that, since the
impregnation process is very dependent on the steady state diffusion conditions set
up, these could well be influenced to some extent by the nature of the surface.
Thus, the principal conclusions are that, for a high specific capacity, plaques
should be of high porosity and furthermore should have a commensurately large inter-
nal surface area. A more open surface structure is probably to be preferred. Dry
sintered plaque comes closer than slurry coated plaque in meeting these requirements.
The higher specific capacities of the dry sintered plaques compared to slurry
coated materials impregnated under identical conditions raised the question of
whether this was a general phenomenon or particular to the electrochemical impreg-
nation method. Accordingly, a brief examination was carried out of the behavior of
the two types of plaque in the chemical conversion and Fleischer processes. The re-
sults are recorded in Table VI. Note that an effort was made to work with loadings
comparable to those obtained in electrochemical impregnation since it was felt that
no distinction might be possible at lower loadings. For the Fleischer process, four-
teen impregnation cycles were needed to achieve the desired loading with the slurry
coated plaque. Eleven cycles were sufficient for the dry sintered plaque. In contrast,
the chemical conversion process with dry sintered plaque required ten impregnation
cycles while the slurry coated plaque needed only eight cycles to give a higher than
anticipated loading.
-21 -
Dry sintered plaque ~ 250X
Slurry coated plaque ~ 25 OX
Fig. 1. Scanning electron micrographs of dry sintered and slurry
coated plaques
- 22 -
Dry sintered plaque
Slurry coated plaque
Fig. 2. Photomicrographs of plaque sections
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The measured capacities are somewhat difficult to interpret in that the slurry
o
coated plaque gave a higher capacity (7.6 Ahr/in. ) for the Fleischer process but a3
lower capacity in chemical conversion. A capacity of 7.2 Ahr/in. was obtained with
dry sintered plaque in the chemical conversion process. The factorial study planned
for this program will include a more detailed study of the interrelation of plaque
preparative method and impregnation method in achieving high specific capacity.
This series of plates was also used to make a comparison of the extent of
plaque corrosion in the three methods of impregnation. Plaque corrosion was deter-
R
mined using analytical techniques that have been described previously. The figures
obtained for the Fleischer and chemical conversion methods are listed in Table VI.
The result obtained with plate EM 150 prepared by electrochemical precipitation is
also appended. It is apparent that the conventional methods result in significant
corrosion of the plaque when high loadings are attempted. Chemical conversion re-
sults in an 8% loss of plaque in eight impregnation cycles; the Fleischer process is
somewhat less at 7%. The electrochemical process results in substantially less
corrosion with only a 3% loss in plaque weight.
- 25 -
III. PLAQUE FABRICATION
Studies of the techniques of plaque fabrication by slurry coating have contin-
ued. The status of this aspect of the work is that satisfactory materials in terms of
uniformity of the product within a single coating process can be obtained. Reproduc-
ibility from coating to coating or meeting set specifications of thickness and porosity,
however, is not good.
The slurry preparation procedures have been defined to the point where re-
producible characteristics such as viscosity can be obtained each time. This pin-
points the problem as the coating process itself. A more sophisticated coating box
has been designed and constructed. This is shown in Fig. 3. The flexibility afforded
by this design to set up reproducible conditions and to permit adjustments during the
course of a run should give much better control of the coating step. Progress made
in current preparations with this device will be reported in the future.
- 26 -
Fig. 3. Slurry coating box
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APPENDIX
ADDITIONAL EXPERIMENTAL DATA
A-l
SAMPLE DATA SHEET
Positive Plate EM 146
Plaque Data
Type Dry Sintered Size
Weight 4.57 g
o
5.0 in. Thickness 0.027 in.
Porosity 76
Impregnation Conditions
Concentrations 2M Ni(NO3) 2 + 0.3M NaNO2 Temperature 105 °C
2
Current Density 0.7 A/in. Initial pH 4.0
Time 150 mins
Plate Data
Weight 7.2 g Size 4.3
Weight Gain (overall) 24.73
Section A 0.112
Section B 0.126
Section C 0.118
Capacity: First formation cycle
(Ahr/in.3)
Last formation cycle
Test cycles 1 7.5
2 6.4
3 6.3
Revised Theoretical Capacity 6
Final pH 4.76
2
in. Thickness 0.03 in.
g
_g/in. Theoretical ,,
0 Capacity 7.21 Ahr/in
g/cm
/ 2g/cm
/ 2g/cm
8.34
6.25
4 6.64
5 6.36
6 6.41
.34 Ahr/in.3 Utilization 101%
A-2
Table A.L Plaque Data
EM Type
94 Slurry Coated (A)
95 Dry Sintered
96 Slurry Coated (A)
97 Slurry Coated (A)
98 Slurry Coated (A)
99 Dry Sintered
100 Slurry Coated (A)
101 Slurry Coated (A)
102 Slurry Coated (A)
103 Slurry Coated (A)
104a Dry Sintered (BTL)
104b Dry Sintered (BTL)
105 Dry Sintered (BTL)
106 Dry Sintered (B)
107 Dry Sintered (B)
108 Dry Sintered (C)
109 Dry Sintered (Q
110 Dry Sintered (C)
111 Dry Sintered (C)
112 Dry Sintered (Tyco)
113 Dry Sintered (Tyco)
116 Slurry Coated (A)
119 Slurry Coated (A)
120 Slurry Coated (A)
121 Slurry Coated (A)
122 Dry Sintered (C)
123 Dry Sintered (C)
124 Dry Sintered (C)
Size,
in.2
5.8
5.8
5.8
5.7
5.9
5.8
5.8
5.7
5.8
5.7
2.1
10.1
2.2
3.4
3.4
5.3
5.3
4.8
4.9
5.0
5.2
5.6
5.2
5.8
5.8
5.1
5.2
5.3
Thickness,
in.
0.030
0.031
0.033
0.033
0.033
0.031
0.033
0.032
0.032
0.033
0.030
0.030
0.030
0.029
0.029
0.032
0.032
0.032
0.030
0.025
0.025
0.033
0.033
0.033
0.033
0.033
0.031
0.031
Weight,
g
6.36
5.70
6.32
6.22
6.24
5.70
6.43
6.14
6.43
6.19
2.03
9.76
1.84
3.04
3.00
5.54
5.45
4.92
4.94
3.44
3.61
4.91
5.11
5.06
4.38
5.17
5.32
5.39
Porosity,
g
77
78
77
77
78
78
77
77
76
77
78
78
82
78
79
77
78
78
78
89
81
84
83
84
84
79
77
78
A-3
Table A.L (Cont)
EM Type
125 Dry Sintered (C)
126 Dry Sintered (C)
127 Dry Sintered (C)
128 Dry Sintered (C)
129 Dry Sintered (C)
130 Dry Sintered (C)
131 Dry Sintered (C)
132 Dry Sintered (C)
133 Dry Sintered (C)
134 Dry Sintered (C)
135 Dry Sintered (C)
136 Dry Sintered (C)
137 Dry Sintered (Tyco)
138 Dry Sintered (Tyco)
140 Dry Sintered (Tyco)
141 Slurry Coated (Tyco)
142 Slurry Coated (Tyco)
143 Slurry Coated (Tyco)
144 Slurry Coated (Ej)
145 Slurry Coated (£2)
146 Dry Sintered
147 Dry Sintered (Tyco)
148 Slurry Coated (E)
149 Dry Sintered (Tyco)
150 Dry Sintered (Tyco)
151 Dry Sintered
152 Slurry Coated (Tyco)
Size,
in. 2
5.2
3.7
3.9
3.6
3.8
3.8
4.0
3.9
3.6
3.5
3.2
3.0
5.4
5.2
4.3
5.2
5.2
5.2
5.1
5.2
5.0
4.1
5.3
5.3
5.2
5.2
5.2
Thickness,
in.
0.031
0.031
0.031
0.031
0.031
0.031
0.031
0.031
0.031
0.031
0.031
0.031
0.025
0.025
0.033
0.026
0.020
0.020
0.029
0.035
0.027
0.031
0.029
0.027
0.027
0.027
0.019
Weight,
g
5.13
3.76
3.81
3.69
3.89
3.88
3.99
3.98
3.77
3.60
3.40
3.06
4.70
4.44
4.86
4.98
4.26
4.13
5.34
5.58
4.57
3.82
5.39
5.02
4.88
4.72
4.03
Poro
78
78
78
77
77
77
78
77
77
77
77
77
76
77
77
75
73
74
75
79
76
79
76
76
77
77
73
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